Listeria monocytogenes is a foodborne pathogen that infects the placenta and can cause 21 pregnancy complications. Listeriosis infections usually occur as sporadic infections, but large 22 outbreaks are also reported. Virulence from clinical isolates is rarely analyzed due to the large 23 number of animals required, but this knowledge could help guide the response to an outbreak. 24 We implemented a DNA barcode system using signature tags that allowed us to efficiently assay 25 variations in virulence across a large number of isolates. We tested 77 signature-tagged clones of 26 clinical L. monocytogenes strains from 72 infected human placentas and five 27 immunocompromised patients, all isolated since 2000. These strains were tested for virulence in 28 a modified competition assay in comparison to the laboratory strain 10403S. We used two in vivo 29 models of listeriosis: the non-pregnant mouse and the pregnant guinea pig. Strains that were 30 frequently found at high abundance within infected organs were considered "hypervirulent," 31 while strains frequently found at low abundance were considered "hypovirulent." Virulence split 32 relatively evenly among hypovirulent, hypervirulent, and strains equally virulent to 10403S. The 33 laboratory strain was found to have an intermediate virulence phenotype, supporting its 34 suitability for pathogenesis studies. Further, we found that splenic and placental virulence are 35 closely linked in both guinea pig and mouse models. This suggests that outbreak and sporadic 36 pregnancy-associated L. monocytogenes are not generally more virulent than lab reference 37 strains. However, some strains did show consistent and reproducible virulence differences, 38 suggesting that their further study may reveal deeper insights into the biological underpinnings 39 of listeriosis.
Introduction
for different primer efficiencies (26): RA = ((E iap^C q iap-sample )/(E ST^C q ST-sample ))/((E iap^C q iap-156 input )/(E ST^C q ST-input )), where E iap and E ST are the efficiency values calculated from the standard 157 curves for the iap and ST-specific primers.
159
Determination of virulence 160 Within each output pool, the average relative abundance was calculated for each clinical 161 strain and divided by the average abundance of the two reference strains in the same output pool. 162 This yielded an output pool-specific, normalized relative abundance for each clinical isolate. The 163 standard deviation of normalized abundances was calculated using the control group that 164 consisted of 11 differentially-tagged 10403S strains. A z-score describing the normalized relative 165 abundance for each strain compared to 10403S was then calculated by subtracting the mean of 166 the control group relative abundance and dividing by the standard deviation of control group 167 relative abundance. Strains that were significantly more or less abundant (p < 0.01) were 168 identified according to a normal distribution of z-scores.
170
Direct competition assay 171 6-8 week old female CD1 mice (Charles River) were inoculated i.v. with 2x10 5 CFU of 172 one clinical isolate (erythromycin-susceptible) and 10403S (erythromycin-resistant) at 1:1 ratio.
173
Bacteria were recovered from spleen at 48 h.p.i. and enumerated, then individual colonies were 174 tested for differential susceptibility to erythromycin to represent clinical versus 10403S reference 175 strain. The control group was injected with a 1:1 ratio of two 10403S strains that differed in their 176 susceptibility to erythromycin. Statistical significance was determined by one-way ANOVA with
Results

180
Clinical isolates and in vivo screening method 181 Our laboratory reference strain 10403S (21) is a streptomycin resistant derivative of L. 182 monocytogenes strain 10403, which was originally isolated from a human skin lesion in 1968 183 (27). 10403S is one of the most widely used strains for experimental investigation and has been 184 passaged for decades under laboratory conditions (28). We sought to use a DNA strain barcoding 185 and pooling assay scheme ( Fig. 1 ) to determine how dozens of recent clinical isolates that had 186 not been previously cultivated in the laboratory differ in virulence from 10403S. 187 We compiled 77 clinical isolates of L. monocytogenes: 72 strains from pregnancy- Fig. 2A and Supplementary Table S1 ). Almost all strains were from sporadic cases of listeriosis. . Only the strains from the CDC were serotyped. Among these, serotype 4b was 197 most common, followed by 1/2a and 1/2b, consistent with previous reports (5, 6) ( Fig. 2B ). 198 We compared the virulence of each clinical strain to 10403S in two animal models: (1) 199 non-pregnant mice, the standard model for the pathogenesis of systemic listeriosis; and, (2) pregnant guinea pigs, an excellent small animal model for pregnancy-associated listeriosis (11).
201
In order to minimize the number of animals required for virulence screening, we incorporated a 202 different, previously characterized DNA barcode into the chromosome of each clinical isolate 203 (23). Clinical strains were assigned to pools a priori; pools were balanced such that they included 204 one of each signature tag from the set used, and each included one commonly tagged and one 205 differentially tagged 10403S strain. Subsequently, each animal was inoculated with pools of 206 differentially-tagged bacteria. We used a total of 10 pools, each containing 11 strains marked by 207 unique barcodes. The control pool contained eleven 10403S strains, while each of the remaining 208 nine pools consisted of nine clinical and two 10403S strains (Pools A-I).
Discussion
291
Here we report the in vivo virulence phenotypes for 73 sporadic and four outbreak 292 clinical strains of L. monocytogenes, 72 of which were isolated from cases of pregnancy-293 associated listeriosis. Using a novel DNA barcode approach with qPCR, we identified isolates 294 with either significantly higher or lower virulence than the standard laboratory reference strain 295 10403S in systemic listeriosis as well as placental infection. However, no strain showed more 296 than a 5-fold difference in virulence compared to 10403S. By using signature tagged (barcoded) 297 strains and qPCR, we found the 77 strains to be an even mix of hypervirulent, hypovirulent and 298 intermediately virulent. Both outbreak and sporadic clinical isolates were compared, but neither 299 associated with any virulence phenotype.
300
Our isolates included four strains collected during recent outbreaks of foodborne 301 listeriosis in the United States (7, 29, 30). In contrast to the bloodstream isolates from septicemic 302 patients, these isolates were each associated with otherwise healthy pregnancies. We observed 303 that one of these strains was highly virulent in all three assays, while the remaining three showed 304 varied but overall moderate virulence patterns (Supplemental Table 1 , Strains 13, 21, 22, 23). It 305 is tempting to assume that outbreaks are due to increases in virulence. However, in addition to 306 the bacterial virulence, independent factors such as ingested dose, maternal genetics and overall Supplemental method for estimating the founding population in each organ: 454 Abundance of the signature tagged bacteria was determined by using qPCR and CFU/organ data. 455 For each signature tag in each organ, the amount of DNA in ng was calculated by a standard 456 curve using the C p values and known ng amounts. The frequency of abundance of signature tags 457 was determined by dividing the calculated ng of DNA for each tag over the summed total ng for 458 all signature tags in a given organ. The frequencies were then multiplied by the amount of 459 CFU/organ at the time of dissection. Finally, the harmonic mean was calculated for each organ to 460 find the effective population. 
